The tunable omnidirectional surface plasmon resonance in the optical range is theoretically demonstrated in a cylindrical plasmonic crystal by using rigorous coupled-wave analysis. The cylindrical plasmonic crystal consists of an infinite chain of two-dimensional cylindrical metal-dielectric-dielectric-metal structures. The dispersion relation of the cylindrical plasmonic crystal is obtained by calculating the absorptance as a function of a TMpolarized incident plane wave and its in-plane wave vector. The omnidirectional surface plasmon resonance can be tuned from UV region to visible region by adjusting the thickness of the cylindrical dielectric layers. The absorption spectrum of the infinite chain of nanocylinders is also investigated for comparison. : 73. 20. Mf,73. 40. Sx Surface plasmons (SPs) are electromagnetic oscillations localized at the interface between dielectric and metal materials. The near-field enhancement induced by SPs gives rise to the performance of silicon solar cells, [1−3] silicon-based sources [4−6] and silicon-based sensor [7] that is dependent on the density of the states (DOS) of the SPs. In the configuration of planar metal-dielectric-metal (MDM) structure, the omnidirectional surface plasmon resonance (SPR) at specified optical frequencies is theoretically predicted [8] and experimentally demonstrated. [9] In that structure, the DOS of the SPs is very large due to the nearly SPs' flattened band. The omnidirectional SPR is also found in the MDM layered microspheres.
Surface plasmons (SPs) are electromagnetic oscillations localized at the interface between dielectric and metal materials. The near-field enhancement induced by SPs gives rise to the performance of silicon solar cells, [1−3] silicon-based sources [4−6] and silicon-based sensor [7] that is dependent on the density of the states (DOS) of the SPs. In the configuration of planar metal-dielectric-metal (MDM) structure, the omnidirectional surface plasmon resonance (SPR) at specified optical frequencies is theoretically predicted [8] and experimentally demonstrated. [9] In that structure, the DOS of the SPs is very large due to the nearly SPs' flattened band. The omnidirectional SPR is also found in the MDM layered microspheres. [10] In this Letter, we report a cylindrical plasmonic crystal, which is made up of an infinite chain of the 2D cylindrical metal-dielectric-dielectric-metal (MDDM) structure. The omnidirectional SPR in the cylindrical plasmonic crystal can be tuned by adjusting the thickness of the cylindrical dielectric layers similar to planar MDDM structure.
[11] The corresponding dispersion relation is achieved by calculating the absorptance as a function of incident TMpolarized plane wave and its in-plane wave vector. The wavelengths of the omnidirectional SPR range from UV region to visible region. The performance of the infinite chain of nanocylinders is calculated for comparison.
In Fig. 1 , the top view of the 2D cylindrical MDDM structure is shown. Here, the radius of the inner metal cylinder is , the thicknesses of the dielectric layers are 1 and 2 , respectively, and the thickness of the outermost metal layer is .
is the period and the infinite chain of the 2D cylindrical MDDM structure is along the axis. The black region is metal. The light grey region and dark grey region are cylindrical dielectric layers.
Top view of the cylindrical MDDM structure surround by air. The radius of the inner metal cylinder is , the thicknesses of the dielectric layers are 1 and 1 , respectively, and the thickness of the outermost metal layer is . is the period and the chain is along the axis. The black region is silver. The light grey region and dark grey region are cylindrical dielectric layers.
We firstly assume that the two dielectric layers are the same materials (silicon). The 2D cylindrical MDDM structure is converted into the 2D cylindrical MDM structure. Here the metal is silver and the dielectric function is described as Drude model: 13 Hz) is the electron relaxation rate with which is well fitted the experimental data. [12] The silicon dielectric constant = 12.1. The thickness of the cylindrical silicon layer is chosen to read
where = 2 / (589 nm) and is given by /(1 + ) 1/2 , i.e. surface plasmon frequency. Applying the method of rigorous coupled-wave analysis, the absorption spectra of the infinite chain of the 2D cylindrical MDM structures, which results from the SPs, are shown in Fig. 2 , when the incident TMpolarized plane waves are directed along the axis at different angles where is 100 nm, 1 + 2 = 42 nm, = 25 nm and = 400 nm. The wavelengths, corresponding to the maximum values of the absorption spectra at different incident angles, are close to . When the incident angle changes from 0 ∘ to 60 ∘ , the absorption spectra are very similar to each other and the maximum values of the absorption spectra are larger than 0.9. The maximum values of the absorption spectrum is larger than 0.6 even when the incident angle is 80
∘ . The dispersion relation of the 2D cylindrical MDM structure is derived from the absorptance as a function of wavelength of an incident TM-polarized plane wave and its in-plane wave vector , [13] which is illustrated Fig. 3 . There is a nearly flatten band that is close to , which results in the omnidirectional SPR in the chain of the 2D cylindrical MDM structure. [8, 10] Since group velocity of the SP is inversely proportional to the slope of the dispersion relation, [14] the group velocity of the SP in the 2D cylindrical MDM structure is small due to the nearly flatten band, which results in high DOS of the SPs. According to the definition of , its value is greatly dependent on the effective index of the dielectric layers and the plasmon frequency of the metal. By adding another cylindrical layer into the 2D cylindrical MDM structure, i.e. inserting a 10-nm-thick ( 2 ) cylindrical SiO 2 layer and changing the cylindrical silicon layer to 30 nm ( 1 ), the effective index of these two dielectric layers could be decreased since the index of SiO 2 is much less than silicon and the corresponding should also be decreased. In Fig. 4 , the absorption spectra of the cylindrical plasmonic crystal are shown when the TM-polarized plane wave incident on the cylindrical plasmonic crystal with different angles. The wavelengths corresponding to the maximum value in the absorption spectra are about 530 nm, which is 40 nm less than . The blue shift of absorption spectra agrees with the above prediction. In Fig. 5 , the dispersion relation of the cylindrical plasmonic crystal is illustrated. At the wavelength of 530 nm, there is a nearly flatten band, indicating that the omnidirectional SPR in the cylindrical plasmonic crystal could be tuned. In Fig. 6 , the absorption spectrum of the infinite chain of 2D nanocylinders is presented with incident TM planar wave propagating along the axis and the averaged value of the absorption spectrum is about 0.21 from 500 nm to 550 nm, where the radius of the nanocylinder is 165 nm that is equal to the value of + 1 + 2 + . At the same incident angle, the average value of the absorption spectra of the infinite 2D cylindrical MDDM structure is about 0.85, which is four times larger than that of the infinite chain of the 2D nanocylinders. In Table 1 , the wavelengths corresponding to the maximum values in the absorption spectra for selected 1 and 2 are listed. From the table, the tunable wavelengths could be changed from 289 nm to 590 nm, which cover the UV region to visible region. In conclusion, we have theoretically demonstrated the omnidirectional SPR, which is close to , in the chain of the 2D cylindrical MDM structures. By adding additional cylindrical dielectric layers into the 2D cylindrical MDM structures, the wavelength of the omnidirectional SPR could be tuned between the UV region and visible region in the cylindrical plasmonic crystal. Compared to absorption spectrum of the infinite chain of the nanocylinders, the average value of the absorption spectrum around in the cylindrical plasmonic crystal increases four times. The wellcontrolled and high efficient absorptance in the cylindrical plasmonic crystal could be potentially applied in the area of photovoltaic solar cells and silicon-based light emitters.
